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Abstract 

Although effects of thermal stability on eggs have often been considered in vertebrates, there is little data thermal stability 
in insect eggs even though these eggs are often exposed in nature to widely fluctuating ambient conditions. The 
modularity of development in invertebrates might lead to compensation across life cycle stages but this remains to be 
tested particularly within the context of realistic temperature fluctuations encountered in nature. We simulated natural 
temperate fluctuations on eggs of the worldwide cruciferous insect pest, the diamondback moth (DBIVl), Plutella xylostella 
(L), while maintaining the same mean temperature {25°C±0°C, 25±4'C, 25±6''C, 25±8T, 25±10'C, 25±12°C) and 
assessed egg development, survival and life history traits across developmental stages. Moderate fluctuations (25±4°C, 
25±6°C) did not influence performance compared to the constant temperature treatment, and none of the treatments 
influenced egg survival. However the wide fluctuating temperatures (25±10°C, 25±12°C) slowed development time and 
led to an increase in pre-pupal mass, although these changes did not translate into any effects on longevity or fecundity at 
the adult stage. These findings indicate that environmental effects can extend across developmental stages despite the 
modularity of moth development but also highlight that there are few fitness consequences of the most variable thermal 
conditions likely to be experienced by Plutella xylostella. 
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Introduction 

Because natural diurnal fluctuations in temperature can impose 
different impacts on ectotlierms when compared to constant 
temperatures [I], it is important to assess the impact of thermal 
stability on ectotherm performance [2]. In organisms with 
complex life histories, temperature fluctuations at one life cycle 
stage might affect phenotypes at other stages [3] . Fluctuations are 
likely to be particularly important at the egg stage because this 
stage is frequendy exposed to diurnal fluctuating temperatures in 
nature [4] and cannot escape thermal extremes in the same way 
that larvae and adults can behaviorally thermoregulate. 

A number of studies have explored the effects of egg 
temperatures on life history performances in vertebrate ectotherms 
[5] and these studies have shown that egg temperature impacts egg 
traits [6] and also post-hatching traits [7]. On the other hand, 
invertebrates are different from vertebrate ectotherms by exhib- 
iting a modularity of life cycles that may assist in dealing with 
environmental variability by possible insulation of later stages from 
disturbances during embryogenesis [8]. The egg stage of 
invertebrates is thought to be susceptible to thermal stability 
because of rapid rates of heat transfer and short durations [9] that 
make them sensitive to thermal fluctuations involving brief high 
temperature exposure [10] and recovery normal temperature 
intervals [11]. 



Short term stress exposures have been used to explore the 
thermal stress effects on the egg stage [12], although these types of 
studies do not consider the effects of daily fluctuations that might 
lead to cumulative effects through injury when stressful low night 
temperatures are followed by stressful daytime temperatures 
[13,14]. In some relevant studies, changes to temperature 
regimens involved both means and fluctuating ranges simulta- 
neously [15], making it hard to separate out the effects of 
fluctuations per se. Moreover the extent to which fluctuating 
conditions at the egg stage influence later stages is largely 
unexplored. 

The diamondback moth (DBM), Plutella xylostella (Lepidoptera: 
PluteUidae), is the most destructive pest of cruciferous vegetables, 
and is widely distributed from tropical to cool temperate regions 
where substantial fluctuations in temperature are experienced 
[16,17]. In this species it is well known that changes in constant 
temperatures affect life history traits such as growth, development, 
survival, reproduction [18] and migration [19]. 

Here we consider the following questions: (1) Do thermal 
fluctuations of the magnitude experienced in nature during egg 
stage affect egg hatch in DBM? (2) Do any fluctuations 
experienced at the egg stage have subsequent effects at the larval, 
pupal or even adult stage? We incubated eggs of DBM at a 
constant temperature of 25°C and five fluctuating temperature of 
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Figure 1. Diurnal fluctuation of air temperatures in a cabbage 
field in Beijing. Temperature was recorded with a data logger placed 
close to the underside of leaves and placed 30-35 cm above the 
ground in the middle of a 2 ha cabbage field. 
doi:1 0.1 371/journal.pone.0099500.g001 



25±4°C, 25±6°C, 25±8°C, 25±10°C and 25±12°C and 
considered effects on development time and survival of eggs, 
larval and pupal development time, larval growth rate and 
survival, adult longevity and fecundity. 

Materials and Methods 

Insect rearing 

The population of DBM larvae was collected from Brassica 
fields in May 2010, with the permission of the Experiment Station 
of Hubei Academy of Agricultural Sciences, in Wuhan, Hubei 
Province, China. All stages of DBM were reared in an insect 
rearing room with artifical diets (Southland Products Incorporat- 
ed, USA) at a constant 25°C, 50%-70% RH and a photoperiod of 
L16:D8. DBM had been reared under these conditions for at least 
10 generations before this study. After pupation, 200 pupae (1:1 
sex ratio) [20] were transferred to a screen cage (35x20x35 cm) 
for adult emergence. Once adults emerged, a cotton ball immersed 
in 10% honey water solution was supplied for adult feeding. 93 
female adults eclosed and laid eggs. Two pieces of laboratory film 
(7x5 cm) were immersed in fresh juice of cabbage leaves for 3-5 
seconds and then hung from the top of the screen cage at 15:00- 
16:00 h for egg laying. The film laid with DBM eggs was taken out 



at 7:00-8:00 am the next day. About 300 eggs on the fdm were 
counted and put on the surface of artificial diets (120 g) in a plastic 
rearing box (10x10x9 cm). The rearing box was kept at the 
rearing room until pupation and then followed the same 
procedures that were described above for pupae and adults 
rearing. 

Design and manipulation of fluctuating temperature 
cycles 

A 24-h temperature cycle was used to simulate temperature 
fluctuations in a cabbage field in summer. Daytime temperature 
lasted for 8 hours (08:00-16:00) with the daily maximum 
temperature (DTmax) at 14:00, and the night temperature lasted 
for 16 hours (16:00-08:00) with the daily minimum temperature 
(DTmin) at 4:00. Temperature changed gradually between 
DTmax and DTmin. One constant temperature (25°C) and five 
fluctuating temperatures were used: 25±4°C, 25±6°C, 25±8°C, 
25±10°C and 25±12°C. We selected 25±12°C as the widest 
diurnal range, because the temperatures in the microhabitat which 
DBM would experience in cabbage fields fluctuated daily within 
this range in summer in Beijing (Fig. 1). In addition, the mean 
temperature experienced in these fields is around 25°C. 

Temperatures in different climate chambers were logged every 
20 minutes (U23-001, Hobo Ltd., USA) and showed that average 
temperatures in the chambers were around 25°C (Table 1, Fig. 2 
A-B). Relative humidity in chambers was 50%-70% and 
photoperiod was set to 16:8 (L:D) during the experiment. 

Growth, survival and reproduction 

Plates were sterilized for 30 min by ultraviolet light, and each 
well was fdled with 1.7 ml prepared artificial diet for DBM 
feeding. Three new eggs (laid within the last 12 h by 1-2 days old 
females) were transferred into each well with a fine camel's hair 
brush. To facilitate ventilation, the plates were covered with fme 
nylon mesh. Three plates were placed in each climate chamber. 
Over 200 (3 eggs*24 wells*3 plates = 216) eggs were observed in 
each temperature regimen. Hatching status of eggs was checked 
(with a stereo microscope) twice daily at 08:00 and 20:00, because 
temperatures in climate chambers at these times were similar to 
room temperature (about 25°C). 

After eggs hatched, all tested insects were moved to a 25°C 
rearing room. Newly hatched larvae from different treatments 
were randomly assigned to wells (1 larva per well). Ninety six 
larvae (24 wells *3 plates = 72) were used for each temperature 
treatment. The pupation status was checked daily at 08:00 until all 
larvae had died or developed to pupae. When larvae developed 
into pre-pupa [21], they were weighed. Plates were renewed every 



Table 1. Target and actual recorded temperatures with different fluctuating ranges around 25°C in climate chambers. 





Target Tetnperature(°C) 


Recorded temperature 






Mean (°C) 


Fluctuating range(±°C) 


25±0 


24.86±0.19 


0.55 ±0.09 


25±4 


24.95±0.21 


3.77±0.14 


25±6 


24.91 ±0.20 


6.22±0.37 


25±8 


25.17±C.17 


8.01 ±0.1 3 


25±10 


24.80±0.18 


10.18±0.33 


25±12 


25.05±0.17 


12.10±0.25 



Note: X±SD represent means and their standard errors. 
doi:l 0.1 371 /journal.pone.0099500.t001 
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Figure 2. Target (A) and recorded temperatures (B) in experiments. Target (A) and recorded temperatures with different fluctuating ranges 
around 25°C in climate chambers for three consecutive days (B). 
doi:1 0.1 371/journal.pone.0099500.g002 



three days to keep artificial diets fresh. When larvae became 
spindloshaped and had a thin white silk cocoon, they were 
recorded as having entered the pupa stage [22]. Pupae continued 
to be observed at 08:00 am until all adults emerged or pupae died 
(based on lack of adult emergence). Survival and development 
time were recorded for all immature stages. Newly emerged male 
and female adults which were from the same replicate under the 
same egg temperature treatment were paired and transferred into 
a glass tube (3x12 cm) for mating and egg-laying. Two sides of the 
tube were covered with the fine stainless steel mesh for ventilation. 
A piece of cotton immersed with honey water solution (10%) was 
placed in the tubes for adult feeding. At 15:00-16:00, a piece of 
laboratory film was inserted to the tube for egg laying. The adults 
were transferred into a new tube with new film at 7:00-8:00 every 
day until females died. AH eggs laid on the film and inner surface 
of the tube were counted. 

Statistical analysis 

Effects of different temperature treatments during egg stage on 
all indices of growth, survival and reproduction were analyzed 
with ANOVA in which egg temperatures and adult sex were 
treated as fixed factors, and replicate plates as a random factor 
(nested within egg temperatures). Means were compared using 
Duncan's multiple range test in SAS V8 (SAS Institute, Gary, NC). 
We analyzed effects of different temperature treatments during the 
egg stage on development time of eggs/larvae/ pupae, growth rate 
of larvae, percent hatching rate (number of larvae/number of 
eggs X 100), percent pupation rate (number of pupae/number of 
larvae X 100), percent emergence rate (number of adults /number 
of pupae X 100), adult fecundity and longevity. Growth rate of 
larvae were expressed as mg/d (pre-pupal mass/development 
duration of larvae). 

Results 

Egg development and survival 

Egg development was not affected by either sex (Fi 219 = 0.041, 
P = 0.840) or repKcate plates (Fj.aig = 3.199, P = b.061), but 
significandy by egg temperatures (F5 219 = 57.213, P<0.001) 
(Table 2). Eggs incubated at constant or moderately fluctuating 
temperatures (25±0°G, 25±4°G, 25±6°G and 25±8°G) devel- 
oped significandy faster than those incubated at wider fluctuating 



temperatures (25±10°G and 25±12°G) (Fig. 3A). Overall, 
hatching success was higher than 8'i"/o and did not differ 
significandy between (;gg temperature treatments (F5 = 0.454, 
P = 0.802, Fig. 3B) and replicate plates (Fj^ig = 0.558,' P = 0.589) 
(Table 2). However, there was a trend for larger fluctuations to 
decrease hatchabUity (y 
0.0001). 



-0.403x -h9 1.270, r2 = 0.505, P< 



Larval growth, pe-pupal mass, development and survival 

The pre-pupal mass was affected significantly by egg temper- 
ature treatments (F5 219 = 16.876, P<0.001, Fig. 4G); there was 
also a significant impact of replicate plates (F5 219 = 5.608, P<0.01) 
but not sex (F5^2i9 = 0.622, P = 0.531) (Table 2). Larval growth 
followed a similar treatment pattern to pre-pupal mass 
(F5,2i9= 14.007, P<0.001, Fig. 4D). Larvae that hatched from 
the eggs incubated at 25±10°C and 25±12°C grew significandy 
faster (ca 1.0 mg/d) than those from eggs incubated under smaller 
fluctuations. There was no difference in growth rate of larvae from 
eggs held at 25±10°G and 25±12°G, or from eggs held under 
lower fluctuations. Larval development was not significandy 
influenced by egg treatments (F5_2i9 = 0.687, P = 0.634, Fig. 4A), 
and there was no significant effects of rephcate plates 
(F2,2i9 = 2.710, P = 0.069) or sex (Fi,2i9 = 1.177, P = 0.279). 
Pupation rate was not affected by egg treatment (F5 ig = 0.226, 
P = 0.943, Fig. 4B) or repficate plates (Fj^is = 0.061,' P = 0.941) 
(Table 2) 

Pupal and adult traits 

No pupal or adult traits were influenced by the egg treatments 
(Table 2). There were no differences in pupal development time 
(F5,2i9 = 0.333, P = 0.893, Fig. 5A), pupal emergence rate 
(F5'i8 = 0.332, P = 0.882, Fig. 5B), adult longevity (Fj ^ig = 0.925, 
P = 0.466, Fig. 5G) or fecundity (F^^gf, = 0.226, P = 0.950, Fig. 5D). 
Replicate plates affected adult longevity (F5 219 = 10.722, P< 

0. 001), while adult longevity differed significandy between the 
sexes (Fi_2i9 = 38.134, P<0.001). 

Discussion 

1. Effects of thermal fluctuations on eggs 

Temperature fluctuations affected development time of the egg 
stage, but only at high fluctuations of ± 10°G. This suggests that a 
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Table 2. Results of ANOVA testing the effects of egg temperature treatments, sex, and replicate plates (as a random factor, nested 
within egg temperatures) on development time of egg, larva or pupa, pre-pupal mass, larval growth rates, adult longevity, female 
fecundity, hatching rate, pupation rate and emergence rate in Plutella xylostella (L). 



Trait 


Source 


df 


MS 


F 


P 


Egg development time 


Egg treatment (ET) 


5,219 


25.478 


57.213 


0.000 




Replicate plates 


2,219 


1.425 


3.199 


0.061 




Sex (S) 


1,219 


0.018 


0.041 


0.840 




ETx S 


5,219 


0.077 


0.174 


0.972 


Hatching rate 


Egg treatment 


5,18 


15.121 


0.454 


0.802 




Replicate plates 


2,18 


18.574 


0.558 


0.589 


Pre-pupal mass 


Egg treatment (ET) 


5,219 


1000.872 


16.876 


0.000 




Replicate plates 


2,219 


332.623 


5.608 


0.004 




Sex (S) 


1,219 


36.863 


0.622 


0.531 




ETx S 


5,219 


72.183 


1.217 


0.302 


Larval growth rate 


Egg treatment (ET) 


5,219 


16.676 


14.007 


0.000 




Replicate plates 


2,219 


1 2.089 


10.154 


0.000 




Sex (S) 


1,219 


0.007 


0.006 


0.940 




ETx S 


5,219 


0.809 


0.679 


0.640 


Larval development time 


Egg treatment (ET) 


5,219 


0.336 


0.687 


0.634 




Replicate plates 


2,219 


1.327 


2.710 


0.069 




Sex (S) 


1,219 


0.576 


1.177 


0.279 




ETx S 


5,219 


0.465 


0.950 


0.450 


Pupation rate 


Egg treatment 


5,18 


26.642 


0.226 


0.943 




Replicate plates 


2,18 


6.652 


0.061 


0.941 


Pupal development time 


Egg treatment (ET) 


5,219 


0.198 


0.333 


0.893 




Replicate plates 


2,219 


0.067 


0.112 


0.894 




Sex (S) 


1,219 


0.106 


0.179 


0.673 




ETxS 


5,219 


0.418 


0.703 


0.622 


Emergence rate 


Egg treatment 


5,18 


34.324 


0.332 


0.882 




Replicate plates 


2,18 


183.762 


1.777 


0.219 


Adults longevity 


Egg treatment (ET) 


5,219 


6.760 


0.925 


0.466 




Replicate plates 


2,219 


78.348 


10.722 


0.000 




Sex (S) 


1,219 


278.663 


38.134 


0.000 




ETx S 


5,219 


3.690 


0.505 


0.772 


Female fecundity 


Egg treatment 


5,96 


1 77.242 


0.226 


0.950 




Replicate plates 


2,96 


1602.680 


2.048 


0.135 



Significant P-values are given in bold. 
doi:1 0.1 371 /journal.pone.0099500.t002 



temperature range of 17-33°C may not have much impact on egg 
development time if the mean temperature is 25°C. The impact of 
thermal stability on egg development is thought to be related to the 
upper and lower thermal limit for egg development [23]. Within 
an optimum range, developmental responses to temperature are 
expected to be approximately linear [24]. Daytime temperatures 
higher than the mean temperature and thus accelerate egg 
development, but the nighttime temperatures lower than the mean 
and slow development. With regular sinusoidal fluctuating 
temperatures as in our experiments, a uniform rate of develop- 
ment of DBM eggs is expected under moderate fluctuations in 
temperature, in contrast to fluctuations encompassing extreme 
values that depress development [25]. According to Jensen's 
inequality and the Sharpe-DeMichele model, development should 
slow if daytime temperature falls over the upper threshold or 
nighttime temperature falls below the lower threshold for 



development [26]. The maximum temperature of 37°C in our 
experiment is higher than 34°C, the upper threshold for 
development of DBM [27], for 6 hours (0.25 day) per day. Such 
high temperatures not only fail to compensate slower development 
at lower nighttime temperatures (<20°C), but may also depress 
development [27]. If we assume that there is no development 
above the upper threshold, we can largely account for the slower 
egg development at wide thermal fluctuations. Development time 
at 25±12°C, 3.86d is very close to the sum (3.79 d) of 
development time at 25±8°C, 3.04 d and no development 
duration (3 d x 0.25 d"' = 0.75 d) at 25±12°C. 

In contrast to effects on development time, temperature 
fluctuations had little impact on egg survival. Previous work has 
shown that egg survival is impacted by high temperature [28] and 
stress exposure time [29]. Hatching rates of DBM eggs are not 
changed much within a constant 8-3 1 °C temperature range, but 
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Temperature fluctuation (± V ) 

Figure 3. Egg traits (Mean±SE) after different treatments. (A) Development time of eggs and (B) hatching rate of DBM under six different 
temperature regimens with the same mean temperature but six different fluctuating ranges (25±0°C, 25±4°C, 25±6°C, 25±8°C, 25±10°Cand 
25±12 C). Different letters at the top of columns indicate significant differences at P = 0.05. 
doi:1 0.1 371/journal.pone.0099500.g003 



decreased to 58% at 32°C [30] or a slightly higher temperature 
[1 7] . However, in our results DBM eggs survived well even when 
temperature fluctuated as widely as ±12"C in wliii li the daily 
maximum reached 37°C, far over the constant upper lethal 34°C 
Umit. This high survival may relate to recovery from heat injury 



during optimum nighttime temperatures [31] or inadequate 
damage to affect survival. Similar patterns of recovery under 
fluctuating temperatures lia\c been found in other species [32,33]. 
Wide fluctuations of temperature may improve survival under heat 
stress but delay egg development [34] . Under a diurnal fluctuation 





Temperature fluctuation (+ "C ) 



Figure 4. Larva traits (Mean±SE) after different treatments. (A) Development time of larva, (B) pupation rate, (C) pre-pupal mass and (D) larval 
growth rate following emergence from eggs exposed to different fluctuating temperature ranges (25±0°C, 25±4"C, 25±6°C, 25±8°C, 25±10°C and 
25±12°C). Different letters at the top of columns indicate that significant differences exist between two treatments at P = 0.05. 
doi:1 0.1 371/journal.pone.0099500.g004 
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Figure 5. Pupa and adult traits (Mean±SE) after different treatments. (A) Development time of pupa, (B) emergence rate, (C) Adults 
longevity and (D) female fecundity in the egg of DBM following emergence from eggs exposed to different fluctuating temperature ranges {25±0°C, 
25±4=C, 25±6°C, 25±8'C, 2S±10 Cand 25±12''C). 
doi:1 0.1 371/journal.pone.0099500.g005 



cycle, daytime high temperatures induce the rapid synthesis of 
protective factors such as hsp70, mannitol and sorbitol, increasing 
heat resistance [35,36], while nighttime temperatures reduce 
metabolism and energy consumption [37] and provide optimal 
thermal conditions for heat injury recovery. 

2. Effects of egg treatments across developmental stages 

Our results indicate that egg thermal stability significandy 
impacted the growth of larvae. Body mass and growth rate 
increased significandy in larvae hatched from eggs which 
experienced wide fluctuations. Compensatory growth can occur 
if organisms suffer from nutritional stress [38] or temperature 
stress [39] during early development. Wide temperature fluctua- 
tions in the egg stage may be stressful and trigger compensatory 
growth to increase larval development time. Stress during 
organisms' early stage does not change th(^ number of cells [40] , 
but results affect energ)' metabolism and utilization [41]. Stress in 
the egg stage often induces larval compensatory growth through 
accelerating food intake or increasing intake time (the latter 
extending development) [42]. Our results indicate development 
time was not extended (Fig. 4A, 5A), but body mass was increased 
(Fig. 4C) perhaps reflecting an increase in food intake. Compen- 
satory growth during the larval stage may therefore be a life 
history strategy in DBM to buffer the impact of variable thermal 
conditions during the egg stage. 

Thermal stability did not change other traits in larva, pupa or at 
the adult stage. The lack of long term fitness effects may reflect 
successful compensation and/ or the fact that these insects undergo 



complete metamorphosis, such that different stages experience a 
physiological and morphological body rebuild during metamor- 
phosis, creating a high degree of independence for each stage [8] . 
This may also help explain why early stage stress in complete 
metamorphosis insects does not affect adult fluctuating asymmetry 
[43], whereas such effects are detected in species without complete 
metamorphosis [44]. 

3. Pest management implications 

Survival and phenology are important components of popula- 
tion models for monitoring, forecasting, control and harvesting in 
resource or pest management. Because the performance of 
organisms under [45] constant temperature regimens are well 
known in many species [46,47], it is important to assess thermal 
conditions under which data from constant temperature experi- 
ments can be applied. Our results indicate that the traditional 
linear model for "constant temperature- development" can be 
\videly applied if the mean temperature is optimal and the daily 
fluctuation is not very wide such as a mean of 25°C and fluctuation 
less than ±8°C for DBM [45]. However, these models may not 
describe development in an area or period with low or high mean 
temperature and/or wide diurnal temperature range. Survival 
data obtain('d at constant temperatures appear applicable to a 
wider range of temperatures. For practical applications, we suggest 
that when temperatures range between 17-33°C at the egg stage, 
the results from constant temperature experiments are applicable, 
but the diurnal temperature range should be incorporated into the 
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development model and perhaps survival model when tempera- 
tures are known to fluctuate widely [48]. 

Recently, trends and future climate scenarios suggest a 
reduction in diurnal temperature ranges across the world [49]. 
This indicates that diurnal temperature range, as an independent 
factor, has potential impacts on population dynamics of DBM. In 
low latitude areas such as southern China [50] and southwestern 
Europe [51], the diurnal temperature range is below ±10°G at 
which the development of DBM can hardly be influenced and is 
similar to that at constant. However, in high latitude areas such as 
northwest China and central Russia (http://cdc.cma.gov.cn/ 
home. do), the diurnal temperature range is above ±10°C at 
which the development of DBM may be restricted and is slower 
than at constant temperature. With diurnal temperature range 
decreasing in high latitude areas in the future, we presume that the 
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